Abstract: This paper reports an efficient fabrication of nanostructures on silicon substrates for surface-enhanced Raman scattering (SERS). Silicon wafer substrates in the aqueous solution of silver nitrate were machined by the femtosecond laser direct writing to achieve simultaneously in one-step the generation of grating-like nanostructures on the surface of the substrate and the formation of silver nanoparticles on the surface of the nanostructures via the laser-induced photoreduction effect. Parametric studies were conducted for the different concentrations of aqueous silver nitrate solutions and scanning speeds. The enhancement factor of the SERS is found to be higher than 10 9 . The patterning technique provides an opportunity to incorporate the SERS capability in a functional microchip. Balasubramanian, and D. L. Kwong, "DNA detection using nanostructured SERS substrates with Rhodamine B as Raman label," Biosens. Bioelectron. 24(2), 216-221 (2008).
Introduction
Since the surface-enhanced Raman scattering (SERS) was discovered [1, 2] , it has been widely employed for molecular detection due to its capabilities of providing simultaneously the structural [3] and quantitative information [4, 5] as well as strong signal enhancements up to 10 14 for single molecular detections [6] . The strength of enhancement depends on the exciting wavelength and properties of the metal nanostructures which affect the interaction between the electromagnetic (EM) field and the nanostructures when plasmon propagates at their surfaces. Since the enhancement factors (EFs) depend on the properties of the metal nanostructures, such as the surface morphology, categories of metals, and chemical environment of the nanostructures, a variety of approaches have been developed to fabricate SERS substrates for high EFs, including the electrochemically roughened electrodes, aggregates of colloidal gold or silver particles, and nanolithography [7] .
Metal nanocomponents can be synthesized by chemical-reduction [8] or photoreduction [9] from metal salts into different types of formations such as nanoparticles [10] , nanoplates [11] , and nanowires [12] . Employing the photoreduction mechanism to synthesize metal particles has been demonstrated in glass [13] , polymer matrix [14] and solutions [10] . SERS measurements can be conducted directly in the produced metal colloids or on the solid substrates immobilized with synthesized metal nanoparticles by chemical methods or directly on the deposited nanoparticles by physical methods. The photoreduction process produces metal colloids as well as 2D or 3D microstructures on a solid support [15] . The light source used to reduce metal cations can be a lamp-based white light [10] , a nanosecond laser [16] , or a femtosecond (fs) laser [14, 15] .
Fs laser micromachining has attracted much attention due to the unique properties of minimum thermal damage as the pulse duration is shorter than the thermalization time, and the phenomenon of multiphoton absorption leading to the benefit of machining dielectrics inside the bulk material [17] . Fs laser micromachining in dielectric materials opens a window of opportunity to fabricate functional microdevices directly [18] or indirectly [19] . Recently, periodic micro/nano-structures generated by fs laser irradiations on silicon wafers were demonstrated [20] . Their unique optical property of high absorbability in a wide range of wavelengths (visible light to IR) can be very important for optical detectors to enhance the optical-electric efficiency and the effective wavelength range [21, 22] . Furthermore, the periodic surface morphology, after depositing metal particles on the surface, was used as the SERS substrate [23] .
In this work, we develop an efficient approach to fabricate SERS substrates which provide high EFs. A combined process of material ablation, particle synthesis, and particle deposition were achieved by fs laser micromachining of silicon wafers in aqueous solutions of silver nitrate. A high EF of 10 9 was obtained for the synthesized silver nanoparticles on the substrate using Rhodamine 6G (R6G) as analyte molecules at the excitation wavelength of 632.8 nm.
Experimental procedures

Femtosecond laser micromachining system
The fs laser micromachining system used in this study consists of an amplified fs laser (Legend-F, Coherent), a computer controlled five-axis motion stage (Areoteck) with a resolution of 1 µm, and an in-line imaging system to monitor the machining process. The central wavelength, maximum repetition rate, and pulse width of the fs laser are, respectively, 800 nm, 1 kHz, and 120 fs. The maximum average output power is 1 W which corresponds to the pulse energy of 1 mJ. The working pulse energy is adjusted by a combination of a halfwave plate and a linear polarizer to meet different experimental requirements.
Sample preparation
Silicon wafer substrates were cleaned in an ultrasonic bath with acetone for 10 minutes and then rinsed by de-ionized water. The cleaned substrates were dipped into 2 ml diluted aqueous solutions of silver nitrate with different concentrations from 1 M to 1 mM contained in an open plastic vessel. The fs laser pulses were focused onto the sample via a 10 × objective lens (NA = 0.3) with a spot size of about 3.3 µm and the samples were translated by the motion stage during the line-by-line machining process. The pulse energy was adjusted to 27 nJ which corresponds to about 0.3 J/cm 2 . The scanning pitch was set as 1 µm and the scanning speed was varied from 0.5 mm/min to 10 mm/min which correspond to the number of laser pulses deposited on a unit area (NLPDUA) from about 400 to 20. Note for the scanning speed V (with the unit of mm/min), the NLPDUA = (60 × 3.3) / V, where 3.3 is the laser spot size with the unit of µm. After the machining process, the samples were rinsed in de-ionized water to clean up the excess silver nitrate solution. The morphology and composition of the produced nanostructures were examined using scanning electron microscopy (SEM) and energy dispersed spectrum (EDS) respectively.
SERS measurement
In the SERS measurement, the aqueous solution of R6G with concentrations of 10 −3 M and 10 −7 M added with 10 mM of sodium chloride were utilized to calibrate the EFs. The Cl -anions of sodium chloride were used to stabilize the adsorbent on the silver particles and to induce the electronic interaction between them [24] . The machined samples were dipped into analyte solutions keeping a 1 mm thick liquid layer above the sample surface and held 30 min for incubation. The SERS measurements were performed by means of a commercial Ramanscope (Jobin Yvon) integrated with an upright microscope using a He-Ne laser as a light source with 632.8 nm wavelength. The maximum exciting power is 17 mW. The employed exciting power and the signal accumulation time are adjustable. The objective lens and grating used in this work were, respectively, 10 × (NA = 0.25) and 600 line/mm.
Results and discussion
Evaluation of nanostructures
First, the silicon wafer was machined by fs laser pulses in de-ionized water at different scanning speeds and the resulting surface morphology images are illustrated in Fig. 1 . It is seen, at high scanning speeds, 10 mm/min [ Fig. 1(a) ] and 5 mm/min [ Fig. 1(b) ], the morphology of the roughened surface seems rather random. At the scanning speed of 2 mm/min [ Fig. 1(c) ], the grating-like periodic nanostructures start to appear but they are not completely developed. At high scanning speeds, 1 mm/min and 0.5 mm/min, the nanostructures have been completely developed and the period is independent of the scanning speed. The existence of grating-like nanostructures with a submicron period agrees with the previous studies [20] . Compared with the period of the structures machined in air, the structure period machined in water is smaller which reveals a smoother surface in the large scale [25] . Besides the grating-like structures, no apparent nanoparticle is observed in this case of machining in de-ionized water. Figure 2 shows the surface morphologies of silicon substrates machined in 0.1 M aqueous solutions of silver nitrate at different scanning speeds ranging from 10 mm/min to 0.5 mm/min. When the sample was machined in the aqueous solutions of silver nitrate with different scanning speeds, nanoparticles attached to the machined surface are clearly seen as compared to Fig. 1 . The number of attached nanoparticles increases with the decreasing of scanning speed (increasing of NLPDUA). In Fig. 2(a) and 2(b) , the periodic structures are not fully developed yet due to the high scanning speeds (low NLPDUA) and only a few nanoparticles on the surface can be seen. In Fig. 2 (c) to 1(e), the particle density significantly increases once the scanning speed is slower than 2 mm/min (NLPDUA = 100). In order to identify the compositions of the nanoparticles, the EDS chemical composition mapping was taken as shown in Fig. 3 . Figure 3 (a) reveals the mapping area and Fig. 3(b) and Fig. 3(c) show, respectively, the silver mapping and silicon mapping. The composition of the deposited nanoparticles was proven to be silver. The particle size ranges from tens of nm to hundreds of nm which is evaluated from the enlarged SEM images. From the SEM images, the synthesized nanoparticles reside on the machined surface as well as on the valleys of the grating-like nanostructures. The nanoparticles in the valleys form multilayer nanoparticle clusters similar to those published before [26] , which leads to higher EFs as compared to single layer structures. Furthermore, the format of nanoparticles on the machined surface appears to be particle aggregations. These aggregation structures are also proven to cause higher EFs [27] due to the creation of "hot spots" with strong EM field enhancements in the nanogap between particles in the aggregations. Figure 4 shows the surface morphologies of the machined silicon wafer substrates in 1 mM, 10 mM, 0.1 M, and 1 M silver nitrate solutions with the same scanning speed of 0.5 mm/min. For low concentration, 1 mM [ Fig. 4(a) ], silver particles are still being developed and the particle density attached to the nanostructure is relative low. When the concentration of the silver nitrate solution increases, the particle density increases as Fig. 4(b) . However, there is not much difference in particle density between 0.1 M [Fig. 4(c) ] and 1 M [ Fig. 4(d) ]. In other words, the particle density appears to reach saturation when the concentration is higher than 0.1 M. 
Parametric study
The fs laser pulse energy has dual functions; one is to ablate the substrate to become gratinglike nanostructures and the other is to reduce the Ag + cations in the silver nitrate solution to Ag atoms by photoreduction mechanism [9] which will attach to the nanostructures. Hence, the entire process is a combination of material ablation and the subsequent photoreduction and particle deposition. Apparently, the laser energy density must be greater than the damage threshold of the substrate in order to ablate it. The first several laser pulses will ablate the material until the ablation is saturated, i.e., no additional ablation occurs, then, the subsequent laser pulses will produce silver nanoparticles. Before the ablation saturation is reached, some nanoparticles may be produced, they would be ablated by the subsequent laser pulses. Figure 5 illustrates the relation of SERS intensity (610 cm −1 ) and NLPDUA at various concentrations of silver nitrate solutions. In the low concentrations (1 mM and 10 mM), the increase of NLPDUA does not lead to an apparent increase of SERS intensity. Hence, a higher concentration of silver nitrate solutions is required to increase the population of nanoparticles. As it takes time to photoreduce the Ag + cations, the laser scanning speed must be slow enough (i.e., the NLPDUA must be high enough) allowing time for the photoreduction to occur and for the formation of nanoparticles. As shown in Fig. 5 , for the concentration at 0.1 M, the high scanning speeds at 10 mm/min and 5 mm/min, which correspond, respectively, to 20 and 40 of NLPDUA, the SERS intensities are relative low. This is because there is not enough time for the formation of nanoparticles. In contrast, if the scanning speed is below 2 mm/min (NLPDUA = 100), the SERS intensity arises significantly. Hence, there exists a threshold scanning speed which depends on the concentration of the solution and the laser pulse energy to generate nanoparticles. For the 1 M concentration of silver nitrate solutions, the scanning speed has to be below 1 mm/min to observe the apparent signal enhancement. During the machining process in the 1 M silver nitrate solutions, it was observed that a large amount of reduced silver particles in the solution causes the solution to become locally semi-opaque. As a result, the fs laser pulse energy would be scattered or absorbed by the dense particles in the solution reducing the effective fluence to arrive at the substrate surface and, thus, more laser pulses are required to achieve the ablation saturation and to generate nanoparticles on the surface of the nanostructures which leads to the lag of SERS intensity increase at 1 mm/min. Note the SERS intensities for 0.1 M and 1 M at NLPDUA = 400 are very close to each other which is consistent with the discussion in Fig. 4 that their surface morphologies are very similar and the nanoparticle density has reached saturation at 0.1 M. 
Estimation of enhancement factor
The black line and blue line in Fig. 6 show, respectively, the measured SERS spectra of 10
M R6G in the area inside (black) and outside (blue) of the machined region in the 0.1 M silver nitrate solutions. It is seen the SERS spectra in the machined area is very strong, while it is almost zero outside of the machined area. The strong signal enhancement by the deposited silver nanoparticles is evident. The red line and green line in Fig. 6 show, respectively, the normal Raman spectra of 10 −3 M R6G on the sample machined in de-ionized water (red) and its magnified spectrum (green). For SERS and normal Raman spectra, the exciting He-Ne laser powers are, respectively, 0.17 mW and 17 mW, and the accumulating times are, respectively, 0.5 s, 10 s. In the normal Raman spectrum of 10 −3 M R6G on the sample machined in de-ionized water, weak R6G signals are seen in the magnified spectrum (green line), except a strong sharp peak at 520 cm −1 and a broad peak from 950 cm −1 to 1000 cm −1
. The results indicate the silicon substrate is observed due to the high exciting laser power and long accumulating time [28] . However, the signal of silicon is unapparent in the SERS spectra due to the existence of strong signal enhancement in the adsorbent R6G molecules which is several orders of magnitude greater than the Raman signal of silicon. In order to quantify the performance of the SERS substrate, the SERS signals of 10 −7 M R6G measured on the sample that was machined in the 0.1 M silver nitrate solution are compared to the normal Raman signals of 10 −3 M R6G measured on the sample that was machined in de-ionized water. Both samples were machined at the same scanning speed of 1 mm/min. The commonly accepted EF is defined by the following equation:
SERS nR
where I nR and I SERS are, respectively, the intensities of normal Raman and SERS in the unit of mW −1 s −1 [29] . N nR and N SERS represent, respectively, the number of molecules probed in the reference sample and on the SERS substrate. Due to rough surface morphology of the nanostructures with and without silver nanoparticles, the number of adsorbent molecules is difficult to measure accurately. Thus, two comparable samples were machined, respectively, in water and in the silver nitrate solution to generate the same (or very similar) surface roughness. Assuming the effective surface areas of both nanostructures are identical and there is no specific binding between the analyte and the sample surface, the number of adsorbent molecules on the surface is proportional to the concentration of the analyte solution in which the sample was dipped [30] . Using Eq. (1) , which demonstrates the high sensitivity for SERS measurements with a low R6G concentration. 
